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ABSTRACT 

As attempt Is nade to obtain sets of ion-nolecule reaction rates 
and recombination coefficients consistent with recent sass sjrrtii naat.rtr 
ion data between 120 and 220 km. It is found that recently Measured rates 
of 5 * 10 12 cm^/sec for foraation of H0 + frost Cf* + Hg and A x 10*^ m?/wm 
tor charge exchange in Hg + + Og require that the rate of foraation of 10* 
in the Hg + O reaction be larger than 5 x 10 _1 ° cn^/sec at 300*. Daytime 
conditions are susceptible to explanation with a vide range of possible 
rates. The observations require that the dissociative recombination co- 
efficient for H0 + decrease free 5 x 10“^ cn^/sec at 300° as and for 

0g + decrease free 3.5 x IQ"? cn?/sec as T*^ . The nighties ionosphere 
can be explained with the sane recombination coefficients. The nocturnal 
H0 + M axim u m in the E region then requires an ionization of at the rate 
of 6-10 ion pairs /cm^ see. > 0 g charge exchange reaction must be slow 
and the Ng + 0 ion atom interchange reaction rapid unless H0 + production 
from Hg + , Og and 0g + , NO reactions is efficient. A source of ionization 
is also required above l8o km to explain the appearance of Hg + at altht. 




1. THKQB0CTIQ8 


A recent measurement of the rate of the charge transfer reaction 



at thermal energy has given the surprisingly low value of k x 10”^ 
cwfysec . This is almost three orders of magnitude less than a value of 
2 x K>-“> cm^/sec measured previously in an afterglow experiment^ and 
it seriously reduces the effectiveness of a mechanism considered very 
important for the removal of Hg + ions in the ionosphere . This is partic- 
ularly troubling in that during the same series of experiments ^ and by 
a very similar technique the rate for the ion atom interchange reactlam 

0* + Bg -fr S0 + + 9 

vas found to be only 3 x 10“^ cm^/sec , again the smallest value measured 
to this time. Such a low rate of removal of 0 + by this reaction would 
severely limit the permitted rate at which 0 + ions are created in the 
charge exchange 

1^ + + 0 -S 0 + + i 2 

These measurements in combination leave very few avenues open for draining 
away Eg 4 . It is the purpose of this note to point out that if the 
measured rates apply to the states in which 0 + and !fg + are found in the 
E region they are consistent with the most recent ionospheric data only 
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if the rate for the ion-atom interchange 

+0 -«> NO* + N 

is of the order of 5 a 10^° cm^/sec . Since it has been questioned whether 
this reaction is exothermic this is a severe requirement and certainly 
demands a measurement of the rate for this very interesting reaction* 

The densities of the principal ionic constituents of the ?ggper 1 
and lover F regions have recently been obtained mass spectrcmetrically 
in the daytime and in the night ime^ . The results are shown in Table 1 
at altitudes of 120, 1^0, 160 and 220 km. Because the sum of the Ian 
densities was less than the electron densities up to about 160 km where 
0 + began to be the dominant ionic species the measured values of molecular 
ions were arbitrarily multiplied by a factor of 1*75 In the table. This 
was done to render the calculation self-consistent and has no qualitative 
effect on the principal deductions in this paper. 

The salient features of the observations are the low values of 
R 2 * densities in the daytime and the near equality of 0g* and 90* densities 
at all altitudes. 0* becomes predominant above 1B0 km. At night the 
persistence of UCf*" at low altitude is striking. Only 90 + and 0 ^ are 
observed below 200 km. While the density of 02* is low and virtually 
independent of altitude up to 190 km, the Ha 4- density is very high near 
125 km, decreases to a minimum at 170 km, then rises again. The 0* 
density Increases sharply above 200 km along with the 90* and 0^* 
densities so that by 200 km, 0 + , NO* and 0^* are equal in abundance. 

The appearance of a measurable quantity of N^* above 200 km at night is a 
surprise in view of the rapid removal processes which dispose of this 
ion in the day time. 


Table 1 
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Daytime Ionic Densities in cm ^ 


Altitude 

km (1) 0+ 

(2) ^ 

(3) 0 + 

(4) H0 + H + 

He 

120 2 x 

ID 2 

5-0 x 10 

4 

6.2 x 10 

3*5 x 10* 

ID 5 

l4o 4 x 

10 3 

4.5 x 10^ 

6.25 x 10* 

5.7 x 10 k 

1.3 x 10 5 

160 3-5x10^ 

l.UxlO 3 

6.1 x ID 1 * 

10 5 2 x ID 2 

2 x ID 5 

220 4 x 

ID 5 

1.7 x 10 3 

4 

1.2 x 10 

1.7 x ID 1 * 2 x UO 5 

4 x 10 5 




Ionization Rates 
in ion pairs /cm3 sec 


Altitude 

km 

120 

*1 

4.6X10 2 

% 

1.6X1D 5 

% 

8 . 6x10 s 

\ 

l40 

8.9x10* 

2.0xlD 3 

7.1x10 s 


160 

7 

•7xl0 2 

1.5xl0 5 

3.0X10 2 


220 

2 

. 5x10 s 

2.3x10 s 

2.6x10 



Neutral Densities 
in particles /cm* 


Altitude 

km 

(1) 0 

■■■■— *■ . . 

(2) ^ 

(3) 0 2 

(4) HO 

T °K 

120 

4 x 10 10 

3. x 10 11 

4 x 10 10 

1.6 x ID 7 

310 0 

l4o 

1.2 x 10 10 

4.3 x ID 10 

3.9 x 10 9 


440° 

160 

4.2 x 10 9 

9.3 x 109 

7 x 10 8 


$ 

O 

0 

220 

7.5 x IQ® 

, 8 
6.1 x 10 

3.3 x IQ 7 


937° 


Table 1. Ionospheric and Atmospheric Data in the Daytime. Measured 


densities for diatomic ions have been multiplied by a factor of 1.75 • The 
ion densities at 120 km represent an extrapolation of some 10 km. Q. 4 are 
for 30° solar elevation. 
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There are also available now mass spectrometric values for the 

densities of the neutral species ^> 6 ) . These are tabulated in Table 1. 

(t) 

On the basis of these densities Zipf'has reevaluated the rates of photo- 
ionication, taking into account also the ionization by energetic photo- 
electrons. His results for the ionization rates for the solar zenith 
angle which existed at the time of the observations are also shown in 
the table . 

The problem to which this paper is addressed is really the 
consistency of these particular sets of observations with laboratory 
reaction rate measurements . The main conclusions hold, however, for most 
of the observed profiles of ionic abundance in the E and regions. 

The comparison of ionospheric reaction rates with measured laboratory 
rates, however, is subject always to the reservation that the states of 
the ions and molecules involved may not be the same. Hence, Inconsistency 
cannot be taken to imply inescapably that experimental errors exist in 
one or another set of measurements. 

2 . IOHIC CHEMISTRY 

Nicolet and Swider^ recently have reviewed the chemistry of 
the ion and electron reactions involved. Since here the concern is with 
the region above 120 km the list of reactions of importance is reduced 

in length compared to theirs. In particular those reactions which involve 

* • * ) 

WO and N as neutral species turn out to be of negligible importance , in the day. To 
systematize somewhat the notation for reaction rates the atomic or molec- 
ular species will be denoted by numbers, 0 being 1; Ng, 2; Og, 3; HO, 4 
and N, 7 • The ion-molecule reaction rate coefficients will be written 
(i J, k) where i is the ion before collision and k the ion afterward. 



The following are the reactions which transform 
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if: 


a* + Hg - 

NOT* + N 

9 

(12,4) 

0 * + o 2 - 

%++ 0 

9 

(13,3) 

h 2 + + 0 - 

M0 + + N 

9 

(21,4) 

Ng + + 0 

o + + 

9 

(21,1) 

n 2 + + o 2 ■+ 

N0+ + MO 

9 

(23,4) 

Ng*^ + Og -*• 

n 2 + 0g + 

9 

(23,3) 

0 2 + + Kg -* 

ICT*- + NO 

9 

(32,4) 

0r + + MO -♦ 
c. 

HO* + 0 2 

t 

(34,4) 

+ o 2 - 

M0 + + 0 


(53,4) 


The dissociative recombination rates will he designated cr^ for 
Mg + , CTj for 0 2 + and for N0 + . The ionization rates by photons and 
photoelectrons similarly will be written as Q^. 

The situation with regard to slow ion molecule collisions has 
been reviewed recently hy Paulson^ * References to the original 
researches may be had in that review with a few exceptions to which 
references will be specifically given here. 

The measured rates for the various reactions which have been 
reported are the following 

(12,4) 27 x 10" 12 cm 5 /sec 

53 „ ln -12 3 , (11) 

22 x 10 cm /sec 

6.7 x ixT* cm^/ sec 

4.7 x lO”^ 2 cm^/sec 

3 x 10"^ cm^/sec ^ 
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(13,3) < 5 x 10 cm^/see 

L.6 x 10" 11 cm^/sec 
0.2 x lO'-^- cm^/sec 


(21,4) 

( 21 , 1 ) 

_ in *>/ (2) 

2 x jju * v cm^/sec ' 1 

(23,3) „ /t \ 

4 x 10 « cm^/sec ' ' 


(23,4) 


(32,4) 


(53,4) 


< 2 x 10 *« cm^/sec 

< 2 x 10- 1 ? cm^/sec 

< 4 x 10“^ cm^/sec 

< 2 x IC^ cm^/sec 

5 x 10" 10 cm^/sec 
^ 10' 10 * cm^/sec 


02 

°3 

°4 


3 x IQ' 7 cm^/sec 

2 x 00-7 cm’/sec f 13 ' 111 ) 

ll-20 x 10-7 cm 3 * /sec 


The great spread in the reported rates for (12,4) and (23,3) 
presents a most perplexing problem. Neither nor Cty has been deter- 
mined precisely even at 300® K and of course the dependence of these rates 

on electron and ion temperature and on the states of the reactants is 
almost entirely unknown. Finally the rates for the key processes (21,4) 
and (21,1) are not yet measured. Although it has been argued^ that 
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the state of 10* produced la the reactions (21,4) and (23,4) Is the 
excited ^ TT electronic state and these reactions are endothermic , the 
situation is not completely clear. For one tMng the energy of the * 7fT 
state is not veil known. While there is plausibility in the argument 
that this is the final state or, if not, that an electronic transition 
is involved in the reaction and the cross section should be law , the theory 
of rearrangem e nt collisions of this sort cannot be said to exist. Thus 
it would not appear to be safe to reject (21,4) out of hand at this time, 
distasteful though a high cross section for it may be to some. 

In the absence of significant diffusive flow 
*0* - + (21,1) H 2 + -°] - £ (12, 4)0^ • h 2 + (13,3) 0 + • 0 g J (1) 

~ = Qa - /[(21,4) + (21,1)/ N 2 + * 0 + [(23,3) + (23,4)/ (2) 

H 2 + • 0 2 + a 2 N 2 + • N e ] 


-af- = |q 3 + (23,3) 1? 2 + • 0 2 J - £(32,4) 0 2 + • H 2 + Oj 0 2 + • He] 


(5) 


dNO 

dt 


£ = £*(12,4) 0 + * Hg + (21,4) N 2 + • 0 + (32,4) 0+ -» 2 + (23,4) (4) 

N 2 + * °2 + (53* 1 *) ** * °zj “ a h N0+ * N e 


Ql + Qg + Qj = a 2 1«2 + • He + a 5 0 + • N e + 0^ H0 + • H e 


(5) 
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For the concentration [x J the chemical symbol X is employed 
and the product of two concentrations is written X*Y to distinguish it 
froa the symbol for the molecule XT. 

3- THE IONOSPHERIC COHDITIQHS : MYTIME 
In the daytime steely state from the data in Table 1 the Important 
terms in these equations at 120 km, 1*0 km and 160 km are as follows. 


At 120 km 

0^: 7-5 (12,*) + (13,3) - 0.25 (21,1) = 6x 10" 11 (6) 

H2+: (21,*) 4 (21,1) + (23,3) = 8 x 1 0 ^ (7) 

0 2 + : ctj = I.85 x 10*7 + 1.3 x lo 3 ^^) + 3.2 x ix£ (23,3) 

- 3 x IX) 6 (32,*) (8) 

B0 + : 0^ = 1.7 x 10 4 (12,*) 4 5.5 x 10 6 (32,*) + 5-7 x 102(21,*) (9) 

+ 1-75 Otj = 11.5 x 10" 7 (1J0) 

lUo km 

0 + : 9.1 (12,*) + (13,3) - 0.3 (21,1) = 5*9 x 10 -11 (11) 

2.5 [(21,*) 4 (21,1) J 4 (23,3) = 12.5 x 10' 10 (12) 

0g + : = 1.2 x 1X)*7 4 2.* x 1C) 5 (13,3) 4 2.7 x UO 2 (23,3) 

- 3.* x 1X)5 (32,*) (13) 


H0 + : = 2.35 x 10^ (12,*) 4 3.6 x 10 5 (32,*) 4 7*3 x 1X)2(21,*) (l*) 

+ 1.1 « 5 = 6.6 x 10" 7 


(15) 
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160 km 

0*-* 10 (12,*) + (13,3) - 0.15 (21,1) = 2.6 x KT 11 (16) 

^+: *.5 [(21,*) + (21,1 ] + (2.3,3) * 17-5 * ID 20 (17) 

°2 +: °3 - 5.3 x 10“ 8 + 2.9 x K)3 (15,3) + 10 2 x (23,3) 

- 5.* x 10* (32,*) (18) 

MO* - : Otj^ * I .75 x 10* (12,*) + 3-2 x 10* (32,*) + 2.5 x lfl£ 

(21,*) (19) 

1.55 <V+ “3 + O.lB a g = 2.65 x id-7 ( 20 ) 


It turns out that the term in for Hg + nay be neglected at 
all three altitudes compared to the production term and also that the 
terms in (23,*) and (53,*) are both small. Still there are only * 
independent relationships for the 6 coefficients (12,*), (13,3) (21,*), 
(21,1), (23,3) and (32,*) and Oj and a^. 

If there were no production terms at night the di f f er e nt ial 
equations (1-*) would supply the * missing equations. Unfortunately, 
except perhaps near 160 km, it is not at all clear that a simple decay 
of ionization describes the nocturnal situation. At this altitude, 
furthermore, the electron temperature changes considerably from day to 
night. The recombination coefficients may be quite different for the 
two sets of conditions* 

Under these circumstances it is practically necessary to begin 
by assuming, where experiments are until now more or less in agreement, 
that those coefficients have their measured values. Thus (13,3) can be 


taken to be 5 x 10"^ cm 3 /sec - the most favorable condition for a small 
value of (12,1»-) . An upper limit, in fact, may be pot on the rate at 
■which 0 + is changed into 0 2 + in (l6) by the upper limit (20) sets on a^- 
2 z 10~7 cm3/sec. This limit for (13*5) is 6 x 10” 11 cm 2 /sec. 

3.1 120 km 

Then at 120 km the 0* and It,* equations may be combined to 
eliminate (21,1) and give 

30(12,4) + 4(13,3) + [(21,4) + (22,3)] * 10.4 x Ilf 10 . 

With (1-3,3) = 5 x 10“^- cm 3 /sec 

this becomes 

(12.4) = 2.8 x 10" 11 - 3-3 x ID" 12 [(21,4) + (23,3)] 
and (12,4) may be 3 x 10" 12 only if 

(21.4) + (23,3) = 7-5 x 10 _1X3 cm 5 /sec. 

Then, from (7) 

(21,1) = 5 x 10" 11 cm 3 /sec. 

Thus to require that (23,3) be as small as 4 x IQ” 13 calls for a very 
large value, 7*5 x 10 _1£) cm 3 /sec, for (21,4). On the other hand if (23,3) 
were 2 x 10" 10 cm3/sec (21,4) would still need to be 5.5 x ID* 10 cmfysec. 
From (9) the rates 

(12.4) = 3 x lO'^ 2 cm^/sec 

(21.4) = 7.5 x 10- 10 cm 3 /sec 


mean that the recombination coefficient for H0 + must be given by 
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It irill Tie shown, from a study of the night time decay of 0g + that (32,4) 
probably is only of the order of 10 cm^/sec . 3ms, -me met 

(32.4) = 10" 14 cm^/sec 

and 

= 5.3 x IQ'? cnJ/sec 
This implies from (10), 

ctj = 3.6 x 10”7 cm^/sec. 

On the other hand, with 

(12.4) = 3 x 10" 12 cm^/sec 

(23.3) = 2 x 10- 10 cm^/sec 

(21.4) = 5.5 x 10" 10 cm^/sec 
the condition on go* becomes 

Cty = 4.2 x 10“7 cm^/sec 

and 

Oj = 4.1 x 10*7 cm^/sec. 

To require both (23,3) and (21,4) to be small would mean that 


(12,4) = 30 x IQ” 12 cm^/sec 
(21,1) = 8 x IQ’ 10 cm^/sec 

= 5.8 x 10“7 cm^/sec 
Q3 = 3*3 * 10"7 cm^/sec 
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3*2 140 km 

Following the same argument at 1*0 km It turns out that 

96(12,%) + 8.3(13,3) + 2.5(21,*) + (23,3) = IT-* x lXT 10 


With 


(13,3) = 5 x Kf 11 cm^/sec 


it follows that 


(12,*) = 1* x 10* 12 - 2.6 x 10” 2 (21,*) - 10 _2 (23,3). 
If 

(12,*) = 3 x ID" 12 cm^ /sec 
2.6(21,*) + (23,3) = U x ID* 10 

Again the small -value 

(23,3) = * x 10" 1 ? cm^/sec 

is possible only if (21,*) is large: 

(21,*) = *.* x cm3/sec 

(21,1) = 6 x ID" 11 cm3/«ec 

/ - - - - ; / 

- • 

Then = 3.9 x ID‘7 + 3*6 x K> 5 (32,*) 

which gives 

= 3»9 x IQ"? cm^/sec 
Ofj = 2.* x 10"7 cm^/sec 

with 

(32,*) = 10”^ cm^/sec . 
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Even if 

(23.3) ** 2 x 10" 1 ® CH^/sec 
the small value of (12,4) requires 

(21.4) = 3.5 x 10" 10 cm^/sec 

and 0^ = 3 ‘2 x 10"7 cm^/sec 

a 5 = 3.1 x 1X)"7 ca^/sec 

On the other hand, if (23,3) is saall then (21,4) can also be 
small if 

(21,1) S 5 x 10“ 10 cm^/aec 

(12.4) = 15.5 x 10 -12 ca5/sec 
aj, = 3*6 x 10-? cm^/sec 

= 2.7 x 10"7 cm5/sec 

3.3 160 km 

At 160 km 

(12,4) + 10" 1 (13,3) + 1.55 x 10" 2 (21,4) + (3.5 x 10-5) (23,3) = 7.* x 

Here (13,3) cannot be as large as 5 x 10” 11 cm5/sec if (12,4) is to reach 
3 x 10 - -* 2 cm?/ sec. If it is assumed that 

(13>3) = 3 x 10" 11 cm5/sec 
and (12,4) = 3 x 10“12 cm3/sec 

then 

(21.4) + 2.2 x IQ" 1 (23,3) = 9*2 x IjO " 11 
(23>3) = 4 x 10-15 cm^/sec 

(21,4) = 9.2 x 10" 11 cnj5/sec 
(21,1) = 3 x 10“1° cm5/sec 


With 
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and 0^ - 0.75 x 10*7 csP/sec 

while C2j = 1.5 x 10"T cm^/sec 

On the other hand if 

(23.3) = 2 x 10“ 10 cm 5 /sec 
it follows that 

(21.4) = 4.8 x 10" 11 cn^/sec 

and = .63 x 10“^ cm^/sec 

Otj = 1.7 x 10"*^ cm 5 /sec 

Here, if both (21,4) and (23,3) are small it is required that 

(21,1) = 3*9 x 10 -10 cm 5 /sec 

(12.4) = 4.4 x 10" 12 cm 5 / sec 
0^ * 1. x 10"7 cm^/sec 
t*j = 1.1 x 10"^ cm 5 /sec 

These results are summarized in Table 2. Also Included in that 
table is a set of conditions which must prevail if (23,3) is 2 x 10”*® 
cm 5 /sec and (21,4) is small. In that case it is assumed that 

(13.3) = 3 x 10 ^ cm^/sec 

at all levels. The other rates follow from the relationships 
at 120 km 

(12.4) = 3.1 x 10' 11 - 3.3 x 10' 2 [(21,4) + (23,3)] 
at 140 km 

(12,4) = 15.5 x 10 -12 - 2.6 x 10' 2 (21,4) - 10" 2 (23,3) 


Table 2 


Reaction Rate Coefficients at Various Altitudes 

120 tai T a > 280°) 

, 

)0 a ID*** 2 
• a 10“ 10 

'«1S“ 

5.8 * IT' 
3.3 a 1«T T 

(12,8) 3 * 1 0" 12 

(21,1) 5 * 10" 11 

(23,3) 1 a lorJJ 

(21,8) T.5 * MT 10 

0(, - 5.3 i 10-J 
<*5 * 3.6 a l<r T 

• 

■ 

2 a 10~“ 

5.5 a NT 1 ® 

*.2 a 10i 
8.1 a 10“ T 

A a l»"“ 
*aUT M 

*-t * w* 

3., a 10*' 

lUo ks T e ■ 1»20° 

1 ! 

(12.8) 3 x lO" 12 

(21,1) 6 x 10“ n j 

(23,3) 8 x 10~ 13 : 

(21.8) 8.8 x 1CT 10 ! 

i 

e*. i, * 3.9 X 10"! j 
• 2.% x 10 1 i 

2 x 10-£ 
3.5 * 10“ 10 

3.2 x lO’I 
3.1 a 10-T 

13.5 a 10* 12 15.5 a 10 -12 

8.2 a 10 -10 | 5 a 10“ 10 

2 x 10T 10 1 x IfC 13 

410- 11 ! 410 511 

j 

3.2 | 3.6 

3.1 2.T 


I » 

i i 


160 ka fe s 1000* 

i 



(12,8) 

3 a 10- 12 

! 

. 

-12 

3.7 a 10 

8.8 x 10 - X2 

(21,1) 

3 a 10~ 10 

: 

3.5 a 10- 10 

3.9 a 10- 10 

(23,3) 

(21,8) 

8 x 10-3 
•9 a 10“ 10 

-10 

2 a 10 
8.8 x 10* u 

2 x 10' 10 
<io- u 


*8 * 

**3 * 

0.75 a 10* T 
1.5 a 10“' 

.63 a lof 
1.7 a 10' 7 

0.65 a 10*7 
1.65 a 1(T T 

1 a 10-7 
1U a lfl- T 

** 

**3 

T -1.58 
e 

T -0.68 
x e 

1 

m -1.89 
A e 

m — 0.69 

e 

. -1.55 
T e 

. -0.68 
e 

_ -O.K 
T e 



Table 2 (Cant.) 



(12,*) - 6.2 x 10-3 (a,!) . _o. T , m -12 J ♦ 0.T « 10*“ 

(I2,fc) - 6.% X lor 3 (21,1) m 2.3 s 10” 12 * 5 x lflT® (13,3) 


(1.3.3) - 

6 x 10" U 

(12,10 - 

10” 12 (upper limit) 

(2ia) - 

2.7 x 10" 10 (upper limit) 

(21.M 4 

io- n 


3 * 10 r 41 

1.7 * NT 12 
1.6 x 10* 10 
<10- U 
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at 160 km 

-12 .p 

(22,10 = 4.4 x 1£> - I .55 x 10 * (21,*) - 3*5 x 10-3 (23,3) 

-12 

At low altitude — below 150 km—' the very ?w a n mine of 3 x 10 
cwP/aec for removal of (5* by the formation of BO"*" tolerates only a alow 
rate of production of 0 + in the lg + , 0 charge exchange (21,1). The loss 
of this node of transforming H + means that for adequately efficient 
removal the rate (21,4) for IfO + formation must be large whether (23,3) 
is fast or not. If it should develop that this ion atom interchange 
reaction of Ng* and 0 is slower than 10“^° cm?/see, then neither of the 
low rates, the one for 0*, Ng formation of N0 + (12,4) nor the one tar 
1*2 » °2 cfaar 8 e exchange (23,3) could be tolerated at temperatures below 
500 °K. For the pair (23,3) and (21,4) both to be slow (21,1) and (12,4) 
must both be extremely fast. The most satisfactory combination seems 
to be the second column of the table with (12,4) small and both (23,3) 
and (21,4) large or the third with (12,4), (23,3) and (21,1) large but 
(21,4) small. The H0 + and 0* recombination rates are all more or less 
compatible within experimental uncertainty with the laboratory values, 
although is somewhat high and somewhat low, especially in the 
second column at 120 km. 

In every case there is strong evidence that (21,4) decreases 
rapidly with increasing temperature . So must (12,4) if it is large at 
the lower altitudes. (21,1) also appears to decrease somewhat with 
temperature . This is associated with the very rapidly Increasing 0 + 

density especially above 150 km. in a region where the Hg density is 

“2J2 ^5 

also increasing. 0 + removal by (12,4) faster at 4.4 x 10 cm^/sec 
at l£0 km cannot be permitted even If all of the Hg + production is 
converted into 0 + by the charge exchange process (21,1). Because the 
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5g + density is increasing more rapidly than the NO + density the value 
of (21,4) must be reduced if it is effective at all. 

Furthermore the reduced overall ionization rate in a region of 
maximum H0 + and C> 2 + concentration, where the electron density is rising 

.A. 

because of the increasing importance of 0 , requires a rapidly decreasing 
recombination coefficient, particularly for K 0 + . The ‘deduced dependence of a 3 
and on electron temperature (T e = 1000° at 160 km) is shown in Table 2 
for the various cases . In all but the last column it is very nearly 
T e " 5 ^ 2 for N0 + and T e “ 2 ^ 3 for 0 2 + . 

To extend this analysis to 220 km is straightforward provided that 
assumption of negligible redistribution of ions by diffusion iB valid. 

The conditions there are, for 

0 + : (12,4) + 5-1 x 10“ 2 ( 13 , 3 ) - 6,4 x 10~ 5 ( 21 , 1 ) - 2,3 x 10 -12 

1 * 2 + : (21,4) + ( 21 , 1 ) + 3.5 x 10~ 2 (23,5) + 8 x 10' 4 c * 2 = 2.9 x lo ' 10 

W 0 + : aj, . 1.95 x 10 4 (12,4) + 1.25 x 10 2 (21,4) 

1.4 cfy + dj + 0.14 = 1.2 x 10' 7 

Here the possible importance of a.^ dictates the following approach. 
The values of a. and a, at 2200° electron temperature are calculated 
for the temperature dependences in Table 2 and the value of a, deduced 
from the overall recombination rate condition. These values are also 
shown in Table 2. In the first three cases ot^ would appear to be no 
larger than a(H 0 + ) at 220 km suggesting a T ~^ 2 dependence for it also. 

The conditions on the ion-molecule reaction coefficients are indistingolah- 
ably different for the first three columns. They are written out in the 
table. Upper limits for (12.4) in the first three cases are 10 ” 12 cm?/sec. 


US 


for (21,1) 2.7 x 10 10 ca^/sec and for (21,4), 10 11 cm** /sec at a £ps 
temperature of 1000*. The upper Unit on (12,4) Is set by the WO 4 " 
equation and the value of a^. The Halts are only slightly different in 
the last column vhich belongs to the case of very large (12,4) and very 
small (23,3) (21,4) at low temperature. 

The strong temperature dependence of (12,4) and (21,4) are thus 
confirmed. In the last two columns the rate (12,4) decreases with 
temperature according to 


(12,4) = 


8.3 x 10" 11 exp - 6 x 10" 5 T 
11 x 10 -11 exp - 6.1 x 10” 5 T . 
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3-5 Highly Speculative Alternatives 

( 2 ) 

In view of some laboratory experiments which indicate a very high 
efficiency for conversion of to N^ + even at low pressures it might 
be worthwhile to examine what sort of (two body like) rate would be 
required for 

V + N 2 - R^ 

if it were to be the principal mode of R 2 + removal. At 120 km, where 
conditions are most favorable, setting the ionization rate of ^ equal 
to the loss rate of R 2 + \ + formation demands a reaction rate of 

-10 ’i , _iii p 

2.5 x 10 enr /sec, or a cross section of 10 cm . Since the highest 

-17 2 

cross section measured so far is only 10 1 cm this requirement appears 

w 

to be excessive. Furthermore, since it would then be the case that 

Qg = a(N4 + ) • Re 

and a(R 1+ + ) appears to be about 2 x 10“^ cm^/se£V*lhe density of would 

4 x . 

be in excess of 10 ions per cm . It is interesting that ions of mass 5° 

(16) 

have been reported at 105 km' where their density was estimated at 
4 i 

1.2 x 10 per cm?, But until their presence is detected at higher 
altitudes t his mechanism does not seem to be too hopeful. 

Another rather remote possibility is that a large fraction of 
the nitrogen ionization by hard photons in the 120 km region is going 
into dissociative photo-ionization and the N + ions are being rapidly 
converted to N0 + , 0 + or 0 + . The measured photo-ionization cross sections 

11 (17) 

do not support this hypothesis however. 


Jfi 


This exercise is only illustrative. It certainly cannot pretend 
to select an approved set of reaction rates for the ionosphere. However, 
it does insist on the impossibility of reconciling the values. 

(12,4) = 3 x lxT** 2 cm^/sec 
(23^3) = 4 x 10”^ CM^/sec 

in the presence of these ionospheric data unless both (21,1) and (21,4) 
are very large. In fact in the region around 120 km it seems difficult 
to reconcile them even in this case. On the other hand a larger value 
of (12,4) permits the accomodation of a large range of possibilities for • 
these other rates. 

4. IONOSPHERIC CONDITIONS : NS2JT TDK 



Table 3 


3 

Nightime Ionic Densities and Ratio of Day to Night Densities in cm 


Altitude 

km 

(1) 0 + 

Ratio 

fe) B 2 + Ratio 

(3) 0 * 

Ratio 

(4) SO + 

Ratio 

120 




l.SxlO 2 

44o 

4.5x1c 5 

5 

lUo 




1.4xic£ 

440 

4x1c 5 

14 

160 


1.5xlC 5 

45 

1.4xl0 2 

44o 

SxlC 2 

115 

220 

1.8KL0 3 

360 

35 50 

2.7X10 5 

4.1 

3xio5 

5.9 
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or 

[(21,4) ♦ (21,1) 3 + 3 * 10‘ 2 [(23,3) ♦ (23,4) 3 ♦ 2 * 10-5 = 10 32 

Thus a 1. 1 the conditions 

[(21,4) + (21,1) 3 < 10" 12 

[(23,3) + (24,4)] < 3 x ID” 11 

C «2 < 5 x 10“® cm^/sec 

would need to be satisfied if Qg = 0. Since the temperature at night is 
only about 700° and ct, is 5 x 10 “ ? at 300* and since, at 230 kn, 

[ (21,4) + (21.1) ] + 3-5 x 10‘ 2 (23,3) + 8 x 10^ - 2*9* KT 10 

these conditions do not appear to be possible. It is difficult to avoid 
the conclusion that, if the observations are correct, a source of ioniza- 
tion for Ng must exist above 200 km at night. In fact what is needed is 
a rate 1/50 times the daytime rate or 

Qg (Night) = 6 ion pairs /cm^ sec. 

In such a case, however, it is necessary to account for the much 
larger decrement in 0 + concentration. The Ng + density (again neglecting 
diffusion) is given from (2) in the steady state by 

N 2 + = ( 21 ^ + ( 21 A) 3 0 + [23,3]Og + Qg N e ] (21) 

and the 0 + density from (1) by 

0 + = [Q 1+ (21,1) N 2 + • 0]/ {[(12,4) + (13,3) ]N 2 j 


( 22 ) 
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Thus 


7h 2 + =[ (\/X2+) + (21,1)0] / [[(12,4) + (13,3) ttg] 


(23) 


Making use of (21) it appears that the oV® 2 + ratio is proportional to 
the ratio of the ionization rates. 



a — (b*QLW) + C 
^2 ^ e 


( 24 ) 


Thus the 0 + /lt, + ratio should be the sane day and night if and Qg ch ange 
in the same vay except for the factor 

*> + Og H e “ [[( 21 »4) + (21,1) p + (23,3)0 2 j + a g (25) 

The observation that the ratio actually changes by a factor of 7 fro® 
night to day while N e changes by a factor of 100 indicates that^ If indeed 
and Qg are essentially equal day and night and do not va ni s h at night, 

• the term c& e must produce most of the change in the 0 + /S^ ratio. 

For this to be the case it is necessary that 

a(b + 100 a 2 Nj + c = 7 fa(b + » e ) + c J (26) 


or 


Og N e = 6 x 10' 2 (h + f ) 

( 21 , 1 ) 0 

[(32,4) + (1,33) J K 


Since c = 


and a = 


[(12,4) + (1,33)] ® 2 
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this means that 

a» e = 6 x 10 

or with Ne = 5 x 10^ electrons/cm^ 

0^ = 6 x ID 5 (21,4) + 1.2 x 1G 4 (21,1) + 2 x I0 2 (23*3) 

Hence if = 3 x 10"^, the following conditions would permit le to 
effect a change of 7 in the 0 + /N g + ratio even if Q^/Qg is the same night 
and day 

, , % , -H 

(21,4) $ 5 x 10 

(21,1)^ 2.5 x ID’ 11 

(25,3) $ 1.5 x !0 _9 

These conditions are a little severe considering the daytime Hg + removal 

requirements. Since the cross section for production. of J^*^*^*^ 

by electrons is larger than that of 0^°^ by a factor of about 2 a 

combination of effects involving the ratio of Qg to snd the relative 

increase in Ng + density at night because of the reduced electron density 

available for dissociative recombination would serve to explain the night 

time N g + and 0 + density near 220 km. 

As for N0 + and 0g + at these altitudes their persistence compared to 0 + 

and N 0 + reflects the fact that both N0 + and 0 * feed on 0 + and N + and 
2 2 2 

decay primarily by dissociative recombination. Thus 

(13,3)0 + *0 + (23,3)Hg + «0 2 + Q, 

o 2 + = 


[[(21,4) 


+ ( 21 , 1 ) ] 0 + 


(23,3)0 2 + 


(21 


,1)0]|(27) 


a 5 H e + (32,4)Ng + (34,4)HO 


(28) 
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If (13,3) is of the order of 3 x lcf 11 


the first term in the numerator 


dominates the second even at night, and even if (23,3) is as large as 
2 x 1CT 10 . This term changes by a factor of 360 from night to day but BL 
changes by a factor of 100. Thus a change in 0 2 + by a factor of 4 is easy 
to account for, provided Qj is considerably less than the first two terms 
in the denominator in the day. This it surely is, since Qj is of the order 

of 50 ion pairs per cnP per second, while the first term is about 250 per 

3 

cm per second. 

Similarly for N0 + 


N0 + « (12,4)0*N 2 + (32,4)02^2 + (21,4)N 2 + 0 + (53,4)N + 0 2 + (3M)0 2 + *H0 

_ 


( 29 ) 


A change by a factor of 6 from night to day in the presence of a 100 fold 
increase in N e is a consequence of the dominant role of the first term in 
the numerator, the ion atom interchange of 0 + and Since 0 + varies by 

a factor of 3*6 times as large as N e the same sort of diurnal variation 
should occur in N0 + as in 0g + . 

Of course the electron temperature changes diumally by a very 

large factor also at 220 km. According to Table 2 the decrease in from 

night to day (J00° to 2200°) is larger than that of a, by a factor of about 

3 

2. This could account for the difference in the amplitude of the diurnal 
variation of 0 2 + and N0 + . 

Thus the results appear to demand a source of ionization produc- 
ing about 6 to 8 ion pairs/cm^ in the 220 km region at night. At the 
rate of 35 eV per ion pair this calls for a deposition of only 2 to 
3 x 10 ergs/cm^ sec at these altitudes or about 10"^ ergs/cm^ sec. 
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This is below the limits set by Dalgamo^ 21 ^ . It would produce only 

about 1.5 x 10 photons of 391^ per- cm per sec or 5 x 10 Rayleighs 

if all of the radiation were produced above 220 km. In fact the shape 

of the 0 2 + and N0 + peaks suggests that the ionization may extend as low 

as 180 km. In this case the estimates of radiation and energy flux go 

up by a factor of two. . Fortunately this can be tolerated also. 

To penetrate only to l8o km the electrons would need to be quite low in 

energy initially - only a few hundred volts at most. 

In the region around 160 km it appears to be possible to account 

for the behavior at night on the basis of a straightforward conversion 

of 0* and Ng + to C> 2 + and N0 + and subsequent dissociative recombination. 

No source of ionization is required. The 0 + density decays with a time 

k 

constant of less than 10 seconds. In a time of the order of 2 x 10 
seconds the electron density is reduced from about 1.5 x 10^ to about 
500 (perhaps 750)* This gives, from 

1 = _1 + at 

n e n e0 

an overall recombination coefficient 

-7 3 

a = 1 x 10 cm /sec 

in excellent agreement (despite the reduction in electron temperature) 
with the daytime condition 

I.55 = 2.65 x 10-7 cm^/sec 


( 30 ) 
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which worked out to an average recombination coefficient of 1.15 x 10~7 
cm^/sec in the illustrative example above. 

In terms of the diatomic ions separately the situation is that 
0 2 + decreases by a factor of 44o in 2 x 10^ seconds. Since 


d0g + 
~ dt~ 


- [&A) N a + a 3 H e J 


(3D 


if it is assumed that 


N„ 


N 


e0 


1 + a N e0 t 


the Og density is 


-(3a,4)» t 

°2 - °2 (°) e 


(1 + 0 Keot) 0 ^ 0 


(32) 


At 2 x 10 seconds the requirement is that 


44o 


aja 
500 J 


exp [2 x 10 11 * (32,4) ] 


Hence, unless otj << a the condition on (32,4) which was mentioned ea rlie r 
is obtained, namely 


(32,4) < 10" llf cm^/sec 

If (32,4) = lo" 1 ^ cm^/sec, a 5 =0.75 x lo' 7 em 5 /sec. The upper limi t 
to Oj is 1.07 x 10-7 cm^/sec. 

For N0 + 

= ®3 °2 + + a 4 N0+ 

n7 k7 


a 


( 53 ) 
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or a * .Ij&Xj + . 8fc 

If is 1.07 x 10-7 cm^/sec then is 1 x 10"7 ca?/sec . 

On the other hand at lover altitudes the curious fact is that, 

whereas Og + has decayed in approximately the same fashion from 160 km 

to lto km, the N0 + density remains high below 1^0 km and exhibits a peak 

near 130 km. The day to night ratio for N0 + is only 15 near 140 km in 

contrast with 115 at 160 km and H50 for 0 ^ . Although it is possible 

to argue that this behavior indicates that increases with increasing 
(3 \ 

temperature ' ^ / the behavior of in the daytime does not indicate such a 
tendency - quite the contrary. To postulate a source of ionization 
specific to NO meets a double difficulty. For one thing there is no 
adequate mechanism. The ionization rate required at 120 km is 

= Cfy N„ 2 = 10 ion pairs /cm^ sec 

According to Barth^), the density of NO near 120 km is about 2 x lo7 
per cm^. Calculation of the rate at which nitric oxide at this density 
is ionized by the night glow Lyman a shows that only about 3 * 10~ 2 NO* 
ions per cm^ per sec should be produced. None of the meteoric ions so 
far detected have ionization potential great enough to charge exchange 
with NO. Finally, as Holmes et al^ have pointed out, in the presence 
of an electron density greater than 10^ per ce>- ) the 0g + density would have 
decreased far below the observed 150 ions per cm^ observed 6 hours after 
sunset if Oj is greater than 10"7 cm^/sec and Q^, Qg and are all zero. 
With only non vanishing 

a °2* = “5 °2 + "e m 

dt 
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<*N e 2 

dt~ = ft 4 “ °®e (35) 

N e - - 3^ 0 -V (36) 

»to( 1_e ) + 2 H el e 

where 

»el = ^5b 

and k = 2 = 2 N el a 

The 02 + density is given from (34) by 

t 

°2 + = °20 exp[-a 5 J N e (t')dt'] (37) 

from which and ( 36 ) it turns out that 0 p + /0 2o + would be less than e " 20 at 
4 

2 x 10 seconds. 

Thus, unless Ct^ and increase with T g it is necessary to assume 
a nocturnal source of ionization in the E region which can produce 0^ + 
ions as well as H0 + ions. At 130 km the conditions (l)-(4) may be written 
for 


N0 + : 

2 x 10" 10 = 4.5(12,4) 0 + + (21,4) Hg + 

(38) 

V’ 

3 = 30 + + 10 n (23,3) N 2 + + 10Q 5 

(39) 

Hg + : 

Ng + = Qg (175/2700) 

m 


0 + : 0 + = [Q 1 + 2xl0 10 (21,l)H2 + 3 /9xl0 1 O [12,lt)+(l3,3)] (4l) 
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vhere it has been assumed that, as in the daytime. 


4 x 10 ^ cm^/ sec 
3 x 10-7 cm^/sec 

(32,4) = 10' 14 cm^/sec 


a 4 = 


a 5 = 


In contrast to daytime conditions the ion atom interchange of 0g + with 
N2 (32,4) competes with dissociative recombination in reducing the 0^ + 
concentration. This only accounts for a factor of two reduction in 0g + 
compared to N0 + . Another factor of 4o is needed. It can only be obtained 
by a reduction in the importance of at night relative to the daytime 
and an alteration in the 0 + to ratio. 

Clearly, from (39) » a large value for (23,3) is difficult to 
tolerate for it would require a low density in order not to overproduce 
0 2 + . But then the N0 + would need to be produced from 0 + with a large value 
for (12,4). There is an absolute upper limit of 0 + density of 1 per crn^ 
per sec set by (39) • These conditions are not in fact conq>atible, for 
(38) and (39) ®ay be combined to read, on the one hand. 


2xl0" lx) - 1.5(12,4) = [4.5 x 10 10 (23,3)(12,4) - 0.3(21,4) ] o + - Qj(21,4) 


ao 


and on the other hand 

2(23,3) - 0.3(21,4) = [4.5xlO 10 (23,3) (12,4) - 0.3(21,4)] 0 + - <^(21,4) 

Since (12,4) < 3 x lO"^ the first condition says that 

(21,4) > 1.5 x 10" 10 + 0.5 (23,3) if (12,4) = 3 x 10" 11 

(21,4) > 2 x 10" 10 + 5 x 10" 2 (23,3) if (12,4) = 3 x 10" 12 


In the second condition it follows that 
if (23,3) > 0.15 (21,4) 
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then 

(23,3) (12,4) > 0.15 (21,4) (12,4) > 6.7 x lO" 12 (21,4) 

or (12, 1 *-) > 5 x 10” 11 cm^/feec 

which is twice as large as any measured value. To account for the n oc t u r na l 
bulge of JfO + relative to 0g + it is necessary to take (21,4) greater than 
2 x 10" cm^ /sec and (23,3) less than 3 x lO -1 ^ cm^/sec. In the daytime 
these values are consistent with those in Column 1 of Table 2. If, in fact 


(12,4) 

= 3 x 10" 12 cm^/sec 

(21,1) 

= 5 x lO -11 cm^/sec 

(23,3) 

= 4 x lfi'^3 cm^/sec 

(21,4) 

= 5 x 10“^0 cm^/sec 


following Table 2 then the nocturnal E region can be accounted for from 
(38) if 

Hg + = 0.4 ions/cm3 

which implies from (4o) 

Qg = 6 ion pairs/em^ sec 

and any combination of 

0 + ‘ + 3*3 Qj = 1 ion /cm^ 

If it is desirable that and Qj be comparable in magnitude then (4l) may 
be used in the form 

0 + = + .13 

1 
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to give, say 

Cf = 0.25 
Q 3 = 0.23 

Q x = 0.36 

Thus the ionization rates vould be in the ratio Qg/Q^/Q^ = 26/1.6/1 where 
the densities are in the ratio J^JojOg = 9/2/1 implying an ionization 
efficiency for Ng about 3 times that for the oxygen species. 

However, a decision in favor of the rate coefficients in the first 
column of Table 2 is not to be made as readily aB this. There is at l4o km 
and below a possibility that (32,4) is larger than lO" 1 ^ cnK/sec . Since 
this 0g + Ng reaction converts 0g + into N0 + it is clearly of potential great 
importance at night if its rate is of the order of 5 x 10 -1 ^ cm^/sec for 
it changes 0g + to N0 + then at the rate of 45 x 10“ ^ per second conqpared 
to a loss of 9 x 10*^ per second by recombination. Similarly the reaction 
of charge exchange 

0 2 + NO N0 + + 0 2 

would convert 0g + to N0 + at a rate of 50 x 10"^ per second if its rate 
coefficient (34,4) were 5 x 10" 10 cm^/sec . 

On the other hand these values for (34,4) and (32,4) vould change 
the values of Ofy and in the daytime to 7*3 x 10 "^ cm^/sec and 2.4 x 10“^ 
cm^/sec and the night time conditions (28) and *29) 130 km would become 

15 = 30 + + 10 11 (23,3) Ng + + 10 (42) 

3 x 10" 10 = 4.5 (12,4) a*- + (21,4) lg + (43) 
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How it is possible, as can be seen fra c cabining (te) and (43), that 


(23,3) > 

0.5 (21,4) 


(12,4) > 

13 x 10 -12 cm^/sec 


(21,4) £ 

2.3 x lx)- 10 + 0.5 (23,3) 

if (12, 4)«3 X nr 32 c^/sec 

A\ 

-sf 

•k 

H 

CVJ 

2 (23,3) 

if (12,4)=13 X 10" :i2 cm3/sec 

(21,4) ^ 

3.7 x IXT 10 + 4.5 (23,3) - 



4.5 x ID' 10 Q 3 

if (32, 4) =30 x TJf^aP/sec 


Since (22,4) < 20 x 10"^ cm^/sec in the daytime soae of the 
possibilities are ruled out, but the conversion of to B0 + by 0t> + , ^ 
and Ojr> + , HO reactions now permits high values of (23,3) without requiring 
the 0 + density to be very low. This in turn permits low values of (12,4) 
to make an adequate contribution to the H0 + production. For example (43) 
can be satisfied with 

(21,4) = 5 x 10 -10 cm^/sec 
Rg + = 0.6 ions cm/^ 

and from (40) =10 per cm^ per sec 

This value of (21,4) from the daytime requirements implies 

-lo 3 

(23.3) = 2 x 10 cm /sec 

(21,1) = 5 x 10" 11 cnrfysec 

(12.4) = 3 x 10 -12 cm^/sec 

Such a value of (12,4) requires that 0* must be less them 1 per cm^ in 

(43). Bow the Ojj + equation (42) can be satisfied, for exas^le, if 
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Qj * 0.5 

or* = 0.7 

(23,5) * 1.4 x cm^/sec 

Such 0 + and N^ + densities, from (4l), require that 

= 1.2 per cm^ per second 


The ratio of the ionization rates for 0 and Og is in this case 
20 / 2 . 4/1 which implies about twice as high ionization efficiency for Bg 
as for 0g and 0. 

It is also possible to accommodate a small value for (21,4) if 0 + 
is large enough. Thus 


means that 


and 


(21.4) < !0 -il cm^/sec 
(23>3) = 2 x 10" 10 cm^/sec 

(12.4) = 15 x lO""^ 2 cm^/sec 

(21,1) = 5 x 10"^® cm^/sec 

0 4 " = 4 per cm^ 

1^ + = .1 per cm^ 

x 

= .2 per car per sec 

Qg = 1.5 per cm^ per sec 
= 15 per cm^ per sec 



and does not appear to be realistic. 
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5. CONCLUSIONS 

The measurements of Holmes , Johnson and Young of ionospheric ion 
densities in the daytime are consistent vith 5 * 10” ^ cm^/sec for the ion 
atom interchange of 0 + and Ng if the ion atom interchange of Ng + and 0 is 
very rapid. A small rate for the charge exchange of N 2 + and Og implies a 
rate for N 2 + , 0 ion atom interchange larger than 5 x 10“^° cm^/sec at 300 *K. 
They are consistent with a low rate for ion atom interchange of Ng 4 and 0 
only if the rate (12,4) for the 0*, Ng reaction is 24 x 10 cm^/sec or 
higher. They also imply that the ion atom interchange reaction rates 
decrease rapidly with temperature. The dissociative recombination coeffi- 
cients required are 5 x 10 cm^/sec for NO 4, at room temperature and 
3-5 x 10"7 cm^/sec for 0o + with respectively a T and a T 
temperature dependence. 

At night the NO 4 m a x im um and high 0g + density in the E region can 
be explained on the basis of a local source of ionization. If production 
of N0 + by Ng + , Og ion atom interchange and Og 4 , NO charge exchange is 
inefficient, the high ratio of NO 4 to 0g + at night demands that the Ng + , 

0 ion atom interchange have a rate greater than 2 x 10” 10 cs^/sec and 
the production of 0g + by charge exchange from Ng + occur with a rate less 
than 15 per cent of the 1^, 0 rate. On the other hand both of these 
rates can he large, consistent vith daytime possibilities, if NO 4 formation 
from Ng + - Og and Og 4 - NO, occurs with rates of 5 x 10“^ cm^/sec and 
5 x 10“^° cm^/sec . The ionization rates are between 5 ud 10 per cm^ per 
second in a region some 50 km vide and hence need not produce excessive 
nightglov Ng + radiation 

Similarly above l8o km ionization by slow electrons vith a rate of 
5-10 ion pairs /cm^ sec appears to be needed. 
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Clearly good measurements of the rates for BO* formation in 

N 2 + + 0 - NO* + H 

0 * + H. -* N0 + + HO 
2 2 

0 2 + + HO -* H0 + + 0 2 

and also 

Hg + + 0 -► Ng + 0 + 

are necessary in order to select among the possible sets of conditions 
outlined here. 

ACKHCWIEDGEMEBTS 

This work was supported by the national Aeronautics and Space 
Administration under Contract NASr-179» The author acknowledges with 
pleasure the help and information he has received from his colleagues 
M. A. Biondl, W. L. Fite and E. Zlpf. 


REFERENCES 


£4 


(1) F. C. Fehsenfeld, A. Lo Schmeltekqpf and E. E. Ferguson, Planet. 

Space Sci., to be published. 

(2) W. L. Fite, J. A. Rutherford , W. R. Snow and V. A. J. Van Lint, 

Disc. Far. Soc. 33, 264, 1962. 

(3) J* C. Holmes, C. Y. Johnson and J. M. Young, Space Research V, to 

be published. 

(4) A. 0. Nier, J. H. Hofftnan, C. Y. Johnson and J. C. Holmes, J. Gepphys. 

Res. 69, 979, 1964. 

(5) A. E. Hedin, C. P. Avery and C. D. Tschetter, J. Geophys . Res. 69 , 

4637, 1964. 

(6) E. J. Shaefer and M. H. Nichols, J. Geophys. Res. 6 £, *i649, 1964. 

(7) E. Zipf, Private Communication. 

(8) M. Nicolet and W. Swider, Planet. Space Sci. 11, 1459, 1963. 

(9) J. F. Paulson, Ann. de Geophysique, 20, 18, 1964. 

(10) J. Sayers and D. Smith, Third International Conf. on the Physics of 

Electronic and Atomic Collisions, London 1963. 

(11) A. Galli, A. Giardini-Guidoni, and G. G. Volpi, J. Cheau Phys. 

518, 1963. 

(12) M. A. Biondi and W. H. Kasner, Phys. Rev. 137A, 317, 1965. 

(13) W. H. Kasner, W. A. Rogers and M. A. Biondi, Phys. Rev. Letters 

7, 321, 1961 

(14) M. A. Biondi, Ann. de Geophysique 20, 34, 1964. 

(15) W. H. Kasner and M. A. Biondi, private communication . 

(16) V. G. Istomin, Xfcusstvennye Sputnik! Zemli 11, 98, 1961. 

(17) G. L. Weissler, J. A. R. Samson, M. Ogawa and G. R. Cook, J. Opt* 

Soc. Amer. 4g, 338, 1959. 



(18) S. H. Tate and P. T. Smith, Fhys. Rev. 3g, 270, 1932. 

(19) W. L. Fite and R. T. Brackmann, Phys. Rev. 112, 815, 1959. 

(20) W. L. Fite and R. T. Brackmann, Phys. Rev. 113 , 815, 1959. 

(21) A. Dalgarno, Annales de Geophysique 20, 67, 1964. 

(22) C. Barth, Space Research V, North Holland Publishing Co., to be 

published . 

(23) W. W. Kellogg, Space Sci. Rev. 3, 275> 1964. 



